Abstract-We offer a new representation of the silicon molar volume discrepancy by attending to a previously incorrect accounting of the early work at the National Bureau of Standards (NBS). Removal of a poorly documented correction to the NBS density scale leads to a plausibly correct description of the molar volume anomaly problem. The possibility of discrepant metrology has been previously ruled out by sample exchanges. This led to several materials characterization exercises that gave important null results as briefly summarized here. We report the first nonnull results and examine their correlation with those samples with discrepant molar volume values. In the end, there is a reasonably optimistic prospect that concordant and accurate density values can emerge at an interesting level of significance (less than 10 07 ).
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A brief discussion of intrinsic limitations of melt-grown crystals is included.
Index Terms-Avogadro's number, silicon kilogram, X-ray diffraction, X-ray topography.
I. THE MOLAR VOLUME ANOMALY: A SUMMARY

A
T THE time of CPEM-94, results presented showed unexpectedly large discrepancies in the molar volume of silicon. The possibility of measurement error was excluded by subsequent sample interchange. The resulting situation, as summarized by DeBievre et al. at CPEM-96, shows a large difference in the molar volumes obtained in Japan on samples produced there and the molar volumes obtained in Europe using samples of European origin [1] . Specific evidence of inconsistent densities among the samples was also reported [2] . One misleading aspect of the summary offered in [1] has, however, not been noted. At issue is the "data point" attributed to the early NBS work that is indicated in Fig. 1 of [1] , replicated here as Fig. 1 . This picture suggests (incorrectly) that there was a single NBS density measurement with which are associated two molar mass values. One molar mass value corresponds to the original NBS measurement of the abundance reference, SRM 990, while the other comes from a reevaluation of SRM 990, as described in [1] . The density coordinate of this double point corresponds to none of the three different silicon crystals studied in the NBS work [3] . Each of the three crystals in the NBS work had its molar mass determined by comparison with the isotopic abundance of (NBS) SRM 990 for which absolute abundance had been established by comparison with synthetic isotopic ratio standards. This was the first Avogadro constant determination in which there were sample-specific measurements of molar mass and density. Having established that Fig. 1 is an incorrect representation of the early NBS work, we offer a corrected version in Fig. 2 . Although the three NBS points lie below the other data, they exhibit a slope not inconsistent with that of the more recent measurements, excepting the National Research Laboratory for Metrology (NRLM), Japan, point. The density offset of these points may be associated with the inclusion of a poorly documented "cleaning correction" that was applied to the volume of the spherical steel objects used as primary density standards. This conjecture is based on the effect of its removal as shown in Fig. 3 . 1 The conjecture has now been verified in a direct measurement of one of the original NBS samples (D1) carried out by Horst Bettin at the PTB. Although these small revisions are of some historical interest, and suggest a possibly more satisfying picture of most data, the NRLM point and the sample WG from IMGC (Istituto di Metrologia "G. Collonetti," Italy), remain outside of any likely region of consistency that includes measurements on other samples. The line connecting these two points is intended to anticipate results to be presented below that suggest the presence of significant, and comparable, void volumes in these two samples. (The sample MO, also from IMGC, also appears discrepant and stands without current explanation.) The real magnitude of this discrepancy can be appreciated by a simple analysis of the contributions to the numerical offset indicated in Fig. 3 in terms of the molar volume. The molar volume involves macroscopic sample density and the mean molar mass, i.e., the abundance-weighted sum of the atomic masses of the isotopic constituents. The molar mass of the NRLM sample is greater than the corresponding value for the PTB (Physikalisch-Technische Bundesanstalt) samples, while its molar volume exceeds that of the PTB sample by only Thus the density fails to follow changes in mean molar mass by the difference of these two numbers, namely
This represents a very large number, approximately 10 missing atoms, or the absence of approximately 1.5 mm of material from a 1 kg crystal. The size of this discrepancy in relation to the indicated uncertainties, and the importance of attaining Avogadro constant uncertainties below 10 motivated extensive diagnostic efforts. Since CPEM-96, where metrology-related explanations were excluded, these efforts have focussed on attempting to find an explanation based on sample quality.
II. DIAGNOSTICS YIELDING NULL RESULTS
We first offer a brief listing covering most of the studies that have led to null results, i.e., quantitative results that fail to provide sufficient latitude to allow an explanation for the molar volume anomaly. In the long run, the null results are likely to be of greater significance than the non-null results reported below, since they establish important upper limits for the influence of a number of potential limitations of crystalbased metrology. Among the most significant null results are upper limits on vacancy and interstitial concentrations, and on the concentrations of expected contaminants. These results have been summarized by Peter Becker in his introductory lecture [5] and appear elsewhere in the present conference as well [6] . We refer the reader to these papers for a more complete discussion of the null results and focus instead on some relatively recent measurements that have yielded nonnull results.
III. DIAGNOSTICS YIELDING NON-NULL RESULTS
It is probably appropriate to regard the density measurements on the NRLM material as the first non-null result. As has already been indicated, these measurements fail to track the increase in mean molar mass observed in going from the PTB sample to the NRLM sample [2] . While it is possible that some unforeseen explanation for the density offset might yet emerge, we take this change as suggesting that a significant quantity of crystalline material is missing, as was discussed above.
The second non-null result, reported here for the first time, is the detection of an electron paramagnetic resonance (EPR) signal from an NRLM sample, and its clear absence in the case of PTB samples, as shown in Fig. 4 [7] . The EPR signal, obtained at 20 K with an excitation frequency of 9.8 GHz, does not change with crystal orientation. Phosphorous as a substitutional impurity would have similar isotropy but have a larger splitting ( 42 G versus 37 G observed). Both phosphorous and implanted hydrogen are normally associated with one or more vacancies and show anisotropic splitting, contrary to what is observed. Although the splitting is smaller than that typical for hydrogen, it is consistent with that of quasiatomic hydrogen in a bond or another site having high symmetry. Since there is some possibility that during the growth procedure hydrogen is incorporated into the crystal, possibly forming voids [8] , it might appear in the product material and reduce the observed densities. Under this hypothesis, the EPR generating fraction could be very small since the diatomic molecule has no EPR signature. The main outcome of this line of argument has been a more intensive search for the suggested silicon-free volumes, to the outcome of which we now turn. Searches for silicon-free regions using x-ray diffraction topography were inconclusive up to January 1998. Subsequent work with higher spatial resolution and sensitivity, reported here for the first time, has yielded apparently significant images of void volumes. These images, examples of which are shown in Fig. 5 , were obtained on Beamline X23a3 at the National Synchrotron Light Source in Brookhaven [9] . Although we have not yet realized a detailed image model, the fact that different crystallographic reflections give identical images whose contrast reverses with changes in the sign of the diffraction vector, and between the forward and Bragg diffracted beams, is suggestive of a spherically symmetric disturbance. The further observation that the image is not influenced by the position on the diffracted intensity profile (rocking curve), and shows no sign of long range strain fields, adds plausibility to the assumption that these are images of absent material. Assuming this to be the case, and using quantitative image analysis based on this assumption, we find that there is sufficient absent material in the small volume sampled in a larger region than that shown in Fig. 5 to more than account for the molar volume anomaly [10] . Of course, this is only a particular sample sector and the image analysis is tentative but the material deficit implied by the topographs, with this analysis, would imply a nearly density or molar volume anomaly. Further studies of other material samples have provided interesting extensions of this initial result. For example, one sample of material from the IMGC (WG) that was not included in their published analysis because of its discrepant molar volume, showed a similar concentration of images such as those shown in Fig. 5 . Finally, samples of the very best recent material from Germany [11] showed a few of the same type of images. Although their concentration is an order of magnitude below that found in the crystals giving anomalous molar volumes, with improvements elsewhere in the metrological process, they will become significant. The void problem thus remains as a serious obstacle to the further improvement in the Avogadro constant and to this approach to the realization of a nonartifact-based representation of the kilogram. Additional studies of voids and vacancies by means of Cu diffusion are being undertaken as described by Spaepen in these proceedings [12] .
Finally, there are intrinsic limitations to the perfection of crystals such as silicon (or germanium) grown from the melt at high temperatures. At the solidification temperature, there are equilibrium concentrations of defects, both interstitials and vacancies. At the solidification temperature these concentrations are given by the usual Boltzmann factor with appropriate activation energies. The subsequent evolution of these populations during cooling is complex, but most analyses suggest that vacancies are the dominant species. For these, the evolution entails diminishing equilibrium concentrations with falling temperature, a process leading also to reduced vacancy mobility. At the same time, the crystal surface acts as a vacancy sink, and vacancies have the chance to aggregate forming clusters of reduced mobility, which grow in analogy with Ostwald ripening. Very recent work has shown how to simulate these complex kinematics for the case of Czochralski growth but appear to be adaptable to the case of float zone growth that is the origin of most of the material used in the studies under consideration here [13] . While rough numerical estimates suggest that these intrinsic problems can be as small as 10 , the model is not yet tested for float zone material.
As this manuscript was being prepared, a new procedure has been reported that appears to provide material with much reduced vacancy cluster concentration [14] . If this new material can be obtained with acceptable levels of other forms of imperfection, it would offer considerable hope for this approach to the Avogadro constant. Meanwhile, a new and highly significant outcome from the Watt balance work has also appeared [15] .
